We generated spinal motoneurons from embryonic stem (ES) cells to determine the developmental potential of these cells in vitro and their capacity to replace motoneurons in the adult mammalian spinal cord. ES cell-derived motoneurons extended long axons, formed neuromuscular junctions, and induced muscle contraction when cocultured with myoblasts. We transplanted motoneuroncommitted ES cells into the spinal cords of adult rats with motoneuron injury and found that Ϸ3,000 ES cell-derived motoneurons (25% of input) survived for >1 month in the spinal cord of each animal. ES cell-derived axonal growth was inhibited by myelin, and this inhibition was overcome by administration of dibutyryl cAMP (dbcAMP) or a Rho kinase inhibitor in vitro and in vivo. In transplanted rats infused with dbcAMP, Ϸ80 ES cell-derived motor axons were observed within the ventral roots of each animal, whereas none were observed in transplanted rats not treated with dbcAMP. Because these cells replicate many of the developmental and mature features of true motoneurons, they are an important biological tool to understand formation of motor units in vitro and a potential therapeutic tool to reconstitute neural circuits in vivo.
We generated spinal motoneurons from embryonic stem (ES) cells to determine the developmental potential of these cells in vitro and their capacity to replace motoneurons in the adult mammalian spinal cord. ES cell-derived motoneurons extended long axons, formed neuromuscular junctions, and induced muscle contraction when cocultured with myoblasts. We transplanted motoneuroncommitted ES cells into the spinal cords of adult rats with motoneuron injury and found that Ϸ3,000 ES cell-derived motoneurons (25% of input) survived for >1 month in the spinal cord of each animal. ES cell-derived axonal growth was inhibited by myelin, and this inhibition was overcome by administration of dibutyryl cAMP (dbcAMP) or a Rho kinase inhibitor in vitro and in vivo. In transplanted rats infused with dbcAMP, Ϸ80 ES cell-derived motor axons were observed within the ventral roots of each animal, whereas none were observed in transplanted rats not treated with dbcAMP. Because these cells replicate many of the developmental and mature features of true motoneurons, they are an important biological tool to understand formation of motor units in vitro and a potential therapeutic tool to reconstitute neural circuits in vivo. E mbryonic stem (ES) cells are pluripotent cells that are both self-renewing and have the capacity to differentiate into any cell type in the adult organism. They can be propagated in vitro for long periods of time in an undifferentiated state and thus represent an attractive source of cells for developmental studies and for therapy of human diseases. ES cells are responsive to environmental cues upon transplantation and adopt a cellular fate that is appropriate to the transplanted region (1) (2) (3) (4) (5) (6) . Nevertheless, the dependence on environmental cues to direct stem cells precludes the efficient generation of neurons in nonneurogenic regions of the CNS (3, 7) .
Recently, it has become possible to direct the differentiation of stem cells ex vivo, theoretically making these cells less dependent or independent of in vivo cues. Differentiating ES cells express developmentally appropriate transcription patterns (8) and are capable of carrying out functions of mature neural cells upon transplantation (9, 10) . Other signals given in vitro can also induce specific neural fates upon transplantation. For example, fibroblast growth factor, heparin, and laminin can be used to induce neurally committed stem cells to adopt cholinergic neural fates upon transplantation (11) .
Spinal motoneurons can be generated efficiently by exposing mouse ES cells to retinoic acid (RA) and Sonic hedgehog (12) . In this paradigm, RA serves both to neuralize and to establish a caudal positional identity for the pluripotent ES cells. Sonic hedgehog or Hedgehog agonist (HhAg1.3) further specifies a ventral positional identity and in response, a substantial proportion of ES cells initiate a motor neuron-specific transcriptional pattern and acquire immunohistochemical features of mature neurons. ES cell-derived motoneurons transplanted into embryonic chick spinal cord extend axons into the periphery and form neuromuscular junctions.
The implications of this finding are two-fold. First, the study of developing ES cell-derived motoneurons may result in important insight into molecular mechanisms that underlie motoneuron function. With this system, it may be possible to investigate critical pathways involved in the establishment and maintenance of motoneurons, and to determine where these pathways are disrupted in genetic models of motoneuron disease. Second, ES cell-derived motoneurons may be examined for their therapeutic potential to reconstitute motor units in motoneuron diseases. To be considered as a viable therapeutic strategy, however, ES cell-derived motoneurons must not only survive within the spinal cord but also be able to extend axons through surrounding white matter into peripheral nerves and reinnervate anatomically appropriate targets. None of these steps has currently been shown in the adult mammalian nervous system.
We investigated the potential use of ES cell-derived motoneurons as a biological tool to study motor neuron development and as a therapeutic strategy in paralyzed animals. We found that ES cell-derived motoneurons extended long axons, established neuromuscular junctions, and induced muscle contractions with cocultured myoblasts in vitro. Transplantation of motoneuroncommitted ES cells into adult rat spinal cord resulted in the generation and long-term survival of ES cell-derived motoneurons. Furthermore, ES cell-derived axonal growth was inhibited by myelin and this inhibition can be partially overcome by pharmacologic treatment of host animals. We conclude that ES cell-derived motoneurons exhibit features of native motoneurons and represent an attractive model system for examining motoneuron development and potential therapeutic strategies for motor neuron diseases.
Methods
Reagents. Antibodies and dilutions used in this study include the following: AB1982 neurofilament 200KD (Chemicon, 1:500); SMI 31͞neurofilament (Sternberger Monoclonals; 1:2,000); MAB368 synaptophysin (Chemicon, 1:1,000); AGR-510 agrin (all agrin; Stressgen, 1:500); AGR-520 neural agrin (Stressgen, 1:500); MMS-627R acetylcholine R7 ␣-subunit (Covance Research, 1:1,000); M6 (mouse-specific immunoreactivity; Developmental Studies Hybridoma Bank 1:1,000); and rhodamine-conjugated bungarotoxin was purchased from Molecular Probes (T-1175; 1:1,000). HhAg1.3 (Curis) was made up as a 10-mM stock in DMSO and was used at 1 M. All-trans RA (Sigma R-2625) was made up as a 1-mM stock in DMSO and used at 1 M. Dibutyryl cAMP (dbcAMP) was obtained from Calbiochem (catalog no. 28745). Y27632 (Calbiochem) was made up at 2 g͞l in sterile distilled water (13) .
Microscopy. Immunohistochemical studies were carried out by two-color confocal imaging with a Zeiss LSM510 microscope. Images were acquired in both red and green emission channels by using an argon-krypton laser with a single-channel, line-switching mode.
In Vitro Myelin Inhibition. Myelin was extracted from adult rat brain as described (14) . Neurite outgrowth was quantified by using IMAGE J, a public domain JAVA image processing program (http:͞͞ rsb.info.nih.gov͞ij). Neurons and their axons were identified by using the fluorescence produced by GFP expressed from the HB9 promoter. Axon length was determined by tracing and recording the length of all GFP ϩ axons. Cells that did not produce axons were given a set value near zero. Cells with axons that were not in full view were not included. Total neurite length was then divided by the total number of cells, generating a mean axon length per cell within each test group. The SEM was determined and mean neurite outgrowth was plotted as a percentage of the control group. Two evaluators (S.P. and J.M.H.) determined the neurite length blinded to the treatment groups and obtained similar results.
Cell Culture. ES cell motoneuron differentiation was carried out as previously reported with slight modifications (12) . ES cells were exposed to RA͞Sonic hedgehog for 3 days, after which they were disaggregated with collagenase and dispase and plated on confluent astrocytes. For Campenot chambers, we used a modified Camp3 (Tyler Research) in which the central septa were almost completely removed. We then placed a no. 2 glass coverslips with silicone grease onto the original septae overhang and lowered it to the dish surface. Silicone grease was placed on the bottom surface of the coverslip to eliminate leakage between chambers. The myoblast chambers were coated with poly-L-lysine (PLL)͞laminin and the astrocyte chambers and middle chambers were coated with collagen. C2C12 myoblasts were purchased from American Type Culture Collection. The day after astrocyte plating, myoblasts and ES cells were plated in distinct chambers. The following day, myoblast differentiation medium (DMEM plus 2% normal horse serum) was added to the appropriate chamber and myoblast differentiation was allowed to continue for 3-5 days. When multinucleated skeletal myotubes first began to form, the glass septa dividing the chambers was raised, bringing the chambers into continuity.
Transplantation. Five-to 7-week-old male Lewis rats were used for transplantation studies. Rat-adapted neuroadapted Sindbis virus (NSV) was generated and used as described (6) . Briefly, rats were given 5,000 plaque-forming units of NSV by means of intracranial inoculation; paralysis occurred within 7 days of viral inoculation. Transplantation was carried out at 14-17 days after viral inoculation (n ϭ 10). Rats were anesthetized with 1% isoflurane and a two-level laminotomy exposed the lumbar enlargement. After incision of the dura, 60,000 motoneuron-committed ES cells in 2 l were injected into the ventral gray matter (0.7 mm lateral to the midline, and a depth of 1.5 mm from the dorsal surface of the spinal cord). All rats were given cyclosporine (Calbiochem) at 10 mg per kg per day on the day before surgery͞transplantation, then every day after surgery.
Immunohistochemistry. Animals were perfused at 1 month after transplantation with 4% paraformaldehyde. By use of the sciatic nerve to identify L3-L5, the rostral border of the spinal cord was sectioned beginning at L1 (two ventral roots more rostral than the sciatic nerve contributions). All ventral roots from the lumbar and caudal spinal cord were harvested and were examined by immunohistochemistry for colocalized GFP and neurofilament staining to identify ES cell-derived axons. For estimation of surviving ES cell-derived motoneurons within transplanted spinal cords, every 10th 20-m section was placed on a glass slide and examined for GFP immunoreactivity. GFP ϩ cell bodies were counted and the mean per animal was calculated (three animals per group). To estimate the total number of surviving transplanted cells, we multiplied the calculated number by 10.
In Vivo Axonal Growth. For stimulating axonal outgrowth, we purchased 5-to 7-week-old Lewis rats that had been cannulated into the lumbar intrathecal space (Zivic-Miller). A subset of these animals was given NSV to induce paralysis before transplantation. All cannulated rats were transplanted simultaneously with ES cells and a 1007D Alzet pump (0.5 l͞h for 7 days) was attached to the CSF cannula. Animals received PBS (six animals), Y-27632 (six animals, 170 g per rat over 1 week), or dbcAMP (six animals, 175 g per rat over 1 week).
Results
ES cells in this study were derived from an HB9-GFP-transgenic mouse and fluoresced green upon adoption of a motoneuron phenotype (12) . To enhance the differentiation and survival of ES cell-derived motoneurons, we modified a previously published protocol (12) by trypsinizing ES cells 3 days after exposing them to HhAg1.3 and RA and plating them on a confluent bed of astrocytes (see Fig. 6 , which is published as supporting information on the PNAS web site). Approximately 25-30% of cells coexpressed high levels of HB9, or Islet 2 and GFP under control of the HB9 promoter. The HB9-GFP ϩ cells also strongly expressed neuronal nuclear protein, neurofilament, and choline acetyltransferase (Fig. 6 ).
To further determine the potential of motoneuron-committed ES cells, we developed a coculture system that included skeletal muscle-differentiated C2C12 myoblasts. C2C12 myoblasts exposed to 2% normal horse serum fused and formed elongated myotubes ( Fig. 1A ) and expressed skeletal muscle-specific troponin T and myosin heavy chain (Fig. 1B) . We used a modified Campenot chamber (15) in which a glass coverslip initially separated two chambers, one with differentiating myoblasts and the other with disaggregated, HhAg1.3͞RA-treated ES cells plated on an astrocyte monolayer. One day after plating the ES cells, the glass coverslip separating the two chambers was gently raised, allowing the two chambers to come into continuity with each other. Within 2-3 h, the motoneuron-differentiated ES cells began to extend processes toward the adjacent chamber, and within Ϸ24-30 h began reaching the adjacent chamber.
We explored whether this coculture system induced cellular changes that recapitulate those involved in the formation of neuromuscular junctions, which is a complex, mutually inductive process that involves numerous signaling pathways initiated by both the muscle and the neuron. At various times after bringing the chambers into continuity, we again separated them to generate muscleenriched or motoneuron-enriched lysates (Fig. 1C) . Agrin, a proteoglycan produced by motoneurons and by muscle, is secreted during development and is required for postsynaptic differentiation (16, 17) . Expression of agrin in the muscle chamber was markedly up-regulated within 2 h of coculture and remained elevated through the period when ES cell-derived axons began making contact with muscle. We also saw a progressive up-regulation of the acetylcholine receptor ␣7 subunit and skeletal actin within the muscle lysate, suggesting that the presence of cocultured motoneurons induced further differentiation and organization of skeletal myotubes (Fig.  1C) . Neural agrin is an alternatively spliced isoform that is generated within neurons and markedly enhances organization of the postsynaptic membrane and induction of synaptic vesicle clustering within the motoneuron itself (18) . Neural agrin was expressed at low levels in independently differentiating ES or C2C12 myoblasts (Fig. 1C , ES or MU, left two lanes). Within the neural chamber, however, neural agrin was markedly up-regulated within 2 h of coculture. Synaptophysin, a presynaptic vesicle protein, was upregulated only at the end of the examined coculture period, suggesting that after making initial contact with the muscle, the motoneurons were further developing the machinery to carry out synaptic activity. The simplest explanation for these findings is that the motoneuron-differentiated ES cells and the skeletal myotubes respond to each other by beginning to form neuromuscular junctions.
Morphologically, motoneuron-differentiated ES cells extended long axons up to 3-5 mm into the adjacent chamber ( Fig. 1D and data not shown). In the confocal photomicrograph collage (Fig.  1D) , the muscle chamber was below the bottom image. The astrocyte:motoneuron chamber is shown at the top with some single and a few clusters of GFP ϩ cells. Processes extended directionally toward the muscle chamber and expressed both GFP and neurofilament 200 (here shown extending 900 m). Therefore, morphologic and biochemical evidence suggests that ES cell-derived motoneurons undergo biochemical and morphologic changes in response to cocultured muscle, resulting in axon growth directed toward skeletal myotubes.
To examine whether ES cell-derived axons could form neuromuscular junctions with cocultured muscle, we attempted to colocalize GFP ϩ axons with rhd-bungarotoxin. Because bungarotoxin derivatives identify clustered acetylcholine receptors (19, 20) , such colocalization would imply that the cocultured cells can organize a neuromuscular junction appropriately. Indeed, by 48 h after coculture, we saw extensive colocalization of GFP ϩ axons with rhdbungarotoxin (Fig. 2) . Some GFP ϩ axons (Fig. 2 A, D , and E) exhibited terminal enlargements as they made contacts with the surface of cocultured myotubes. Single 0.3-m images of a confocal Z stack image (Fig. 2C) revealed that axon terminals (here descending into the plane of the photomicrograph) may colocalize with multiple acetylcholine receptor clusters on a single myotube.
Consistent with the observation that cocultured ES cell-derived motoneurons and skeletal myotubes can form neuromuscular junctions, 30% of skeletal myotubes routinely and asynchronously contracted in the tissue culture dish, beginning 48 h after establishment of coculture (Movie 1, which is published as supporting information on the PNAS web site). C2C12 myoblasts did not contract in the absence of cocultured motoneurons nor did they contract in response to conditioned media from ES cell-derived motoneurons. Further, muscle contraction was completely inhibited by incubating with tubocurarine, a competitive inhibitor of nicotinic acetylcholine receptors (data not shown), suggesting that acetylcholine release from ES cell-derived motoneurons was responsible for the muscle contraction.
We next determined whether motoneuron-committed ES cells survived and differentiated appropriately within the spinal cord of a paralyzed adult rat. We administered NSV intracranially to induce fulminant motor neuron death and permanent paralysis as described (6, 21) . At 14-17 days after virus inoculation, animals showed nearly complete paralysis of hindlimbs while the virus was largely cleared. We transplanted 60,000 RA͞HhAg1.3-treated ES cells directly into the lumbar ventral gray matter of adult Lewis rats 14-17 days after virus inoculation. Animals were killed 1 month later and were examined for the presence of GFP-expressing cells. We found GFP ϩ cells within the lumbar enlargement, but there were no GFP ϩ cells Ͼ5 mm rostral or caudal to the injection site, indicating little migration of the transplanted cells (Fig. 3A) . Control transplantations, in which freeze-thaw-killed ES cells were implanted, showed no GFP fluorescence. Further, immunofluorescence with a mouse-specific antibody (M6), confirmed that these GFP ϩ cells were of mouse origin and did not represent fusion with Fig. 1 . Coculture of ES cell-derived motoneurons and differentiated C2C12 myoblasts. C2C12 myoblasts were plated in a modified Campenot chamber and were exposed to differentiation conditions. (A) Three to five days after switching to differentiation medium, C2C12 myoblasts became elongated, which is consistent with multinucleated myotubes. (B) Differentiated myotubes expressed skeletal muscle-specific proteins, including skeletal myosin heavy chain and troponin T, and are multinucleated. (C) In an adjacent chamber of the Campenot dish, ES cells were differentiated into motoneurons as described. At 3 days after exposure of ES cells to HhAg1.3͞RA, the glass septa dividing the chambers was raised, bringing the chambers into continuity. Cell lysates were generated from ES͞astrocyte cultures or from myoblast cultures at various times after bringing the chambers into continuity. ES, lysates from the ES chamber; MU, lysates from the muscle chamber at time 0 (before initiating coculture). Agrin, acetylcholine receptor, and skeletal muscle actin were up-regulated rapidly within the muscle chamber; neural agrin and synaptophysin were up-regulated within the ES͞astrocyte chamber. (D) Upon coculture, motoneuron-committed ES cells extended long axons (900 m in length here) toward the myoblast chamber (Lower) that were both GFP ϩ and neurofilament-H ϩ (red). Axonal processes reached lengths of 3-5 mm (data not shown). rat cells (data not shown). Within the transplanted region, extensive GFP axonal projections were seen throughout the gray matter, some of which extended up to 1 cm rostral or caudal to the transplantation site (Fig. 3B and data not shown) . Because the primary method for detecting transplanted cells was expression of GFP, we do not know the total number of transplanted cells that survived within the spinal cords of transplanted animals. By carrying out an unbiased sampling of every 10th section within the lumbar spinal cord, however, we estimated that there was a mean survival of Ϸ3,096 Ϯ 56 GFP ϩ cells per spinal cord. Because transplanted cells are exiting the cell cycle (12) , this number is likely to reflect largely survival of input cells rather than cells that replicated after transplantation. Furthermore, because Ϸ20% of ES cells express GFP under our differentiation conditions, we predicted that Ϸ12,000 transplanted cells would have expressed GFP had they all survived, and therefore, that Ϸ25% of transplanted cells survived to 1 month after transplantation. A similar analysis in nonparalyzed animals resulted in enhanced survival of transplanted cells (mean 4,956.7 Ϯ 10 cells per spinal cord), suggesting that the microenvironment within the transplanted field was less supportive of transplanted cell survival in virus-paralyzed animals.
Many of the surviving GFP ϩ cells expressed choline acetyltransferase and morphologically resembled true motoneurons (Fig. 3 C  and D) . Interestingly, in both normal and paralyzed animals, very few of the transplanted cells extended axons into the surrounding white matter (Fig. 3 E and F) . Rather, most axonal projections were directed in the rostral-caudal projection (Fig. 3 B, E, and F) or deeper into the gray matter (Fig. 3 E and F) .
This result raised the possibility that similar to other CNS neurons, ES cell-derived motoneurons were inhibited by myelin.
We investigated this possibility by plating motoneuron-committed ES cells on a myelin substrate (22) . We found that although cells adhered to this substrate, they extended axonal projections only inefficiently (compare Fig. 4 A with B) . Myelin-mediated axonal repulsion of other neuronal populations is reduced by increased intracellular cAMP levels or by decreased Rho kinase activity. Therefore, we investigated whether ES cell-derived motoneurons responded in the same way. Indeed, treatment of ES cell-derived motoneurons with a nonhydrolyzable cAMP analogue (dbcAMP) or a Rho kinase inhibitor (Y27632) in vitro resulted in enhanced axonal extension on a myelin substrate (Fig. 4 C and D) . Quantification of axonal extension revealed a non-dose-dependent 4-fold increase in axonal extension in the presence of dbcAMP (Fig. 4E) . Similarly, Y27632 resulted in a 3-to 5-fold increase in axonal extension. Therefore, ES cell-derived motoneurons respond to myelin-mediated axonal repulsion by processes similar to that reported with other neuronal populations.
We then used this information to examine whether we could modulate the apparent white matter repulsion of ES cell-derived axonal growth in vivo. Separately, we infused rats intrathecally with Y27632, dbcAMP, or vehicle for 7 days, beginning at the time of transplantation. As expected, surviving motoneuron-differentiated ES cells extended axons that were limited to the gray matter in vehicle-treated animals (Fig. 5A) . In animals treated with the Rho kinase inhibitor Y27632, however, a minority of GFP ϩ axons could be seen traversing the white matter (Fig. 5B) . No GFP ϩ axons were identified within ventral roots of transplanted animals (data not shown). To confirm that we had correctly identified the gray-white junction, we carried out dual color immunohistochemistry against myelin basic protein and GFP (Fig. 5C ). Most (but not all, see Fig.  5B ) GFP ϩ cell bodies were in the gray matter and some extended processes into an area rich in myelin basic protein (white matter). The effects of dbcAMP infusion in vivo were more pronounced than those seen with Y27632 and the majority of axons traversed the white matter (Fig. 5 D and E) . GFP ϩ cell bodies were observed near the gray-white junction and multiple GFP ϩ processes extended into the white matter and even to the spinal cord surface (Fig. 5 D  and E) .
To estimate the frequency with which transplanted cells extended axons into the peripheral nervous system, we collected all of the ventral roots and examined them for GFP immunofluorescence. In uninfected (nonparalyzed) animals, no GFP ϩ axons were seen in any ventral roots, even if the animal was concurrently treated with dbcAMP, suggesting that removal of myelin-mediated repulsion was insufficient to direct axonal growth. In paralyzed animals, no GFP ϩ axons were seen within ventral roots in animals concurrently infused with saline ( Fig. 5 F and I) , whereas a mean of 76 Ϯ 10.69 GFP ϩ axons per animal were seen in paralyzed animals concurrently infused with dbcAMP (2.4% of surviving ES cell-derived motoneurons; Fig. 5 G-I) . Therefore, removal of the inhibitory effects of myelin allowed for ES cell-derived axonal extension into ventral roots, albeit inefficiently. GFP ϩ axons were confined to the proximal ventral roots, and no GFP ϩ axons were observed Ͼ5 mm distal to the entry of that root into the spinal cord. Interestingly, no transplanted motor axons were seen in the ventral roots of Y-27632-infused animals, even though this was a more effective modifier of myelin repulsion in vitro. Currently, we do not understand the reasons for this discrepancy. Additionally, we did not see reinnervation of proximal muscles (data not shown).
Discussion
We investigated the biology of ES cell-derived motoneurons in an in vitro coculture system and after transplanting them into paralyzed animals. We determined that ES cell-derived motoneurons are capable of carrying out fundamental functions of normal motoneurons, including directional growth of long axons, formation of neuromuscular junctions, and induction of muscle contraction. Moreover, we showed that these cells, when transplanted into animals treated with blockers of myelin-mediated axonal inhibition, were capable of growing axons through spinal cord white matter and into the ventral roots of injured animals. To our knowledge, this is the first demonstration of spinal motor axon regeneration in the adult mammalian nervous system. As such, these findings are important steps in developing therapeutic applications of stem cells for spinal cord regeneration.
The adult mammalian spinal cord is a nonneurogenic site, likely because of a nonpermissive environment for the generation of new neurons (3, 7, 23) . We committed ES cells to a motor neuron fate before transplantation and found that several thousand ES cellderived motoneurons survived within the spinal cord of each transplanted rat. Survival of transplanted motoneurons was largely independent of whether we transplanted them into naïve or paralyzed rats, suggesting that the continued differentiation of these cells is independent of environmental cues. This extensive survival of new motoneurons within the adult mammalian spinal cord suggests that the application of ex vivo conditioning may allow efficient generation of new neurons in nonneurogenic regions of the neuraxis.
However, to achieve reinnervation of skeletal muscle targets in vivo, many additional hurdles needed to be overcome. First, the biology of ES cell-derived axonal extension within the adult mammalian spinal cord must be understood and we found for the first time, to our knowledge, that CNS myelin inhibits growth of ES cell-derived axons. The adult mammalian CNS has a limited capacity for nerve regeneration, due, at least in part, to the presence of three myelin-associated inhibitors of axonal growth: myelinassociated glycoprotein, Nogo-A, and oligodendrocyte-myelin glycoprotein. All three versions of Nogo, oligodendrocyte-myelin glycoprotein, and myelin-associated glycoprotein bind with high affinity to the Nogo-66 receptor, a glycophosphatidylinositol-linked surface protein, and likely transmit a signal through the P75 neurotrophin receptor (24) . Signaling via this pathway may decrease intraneuronal cAMP (25) and differentially activate members of the Rho GTPase family. In the active state, the Rho GTPases bind a set of effector molecules, including the serinethreonine kinase Rho kinase (26) . Rho kinase negatively regulates growth cone motility by phosphorylating myosin light-chain phosphatase (27) and myosin light chain itself (28, 29) .
Because we saw that ES cell-derived axon growth was inhibited by myelin, we investigated pharmacologic strategies to reduce this inhibition. Several such strategies have been recently applied to stimulate axonal growth of native neurons within the mammalian nervous system (25, (30) (31) (32) (33) . Inhibition of RhoA activity by C3 transferase or use of a dominant-negative inhibitor of Rho kinase activity abolished the inhibitory activity of myelin-associated glycoprotein and Nogo-A (34). Additionally, Y27632 abolished all of the inhibitory activity of myelin-associated glycoprotein and 60-70% of inhibition mediated by the two active regions of the Nogo-4 (29) . Arginase I and polyamines are also downstream effectors of the cAMP axonal outgrowth pathway, although their exact roles remain unclear (33) .
We found that ES cell-derived motoneurons are responsive to some of the same cues as native neurons and by treating paralyzed animals with dbcAMP, ES cell-derived motoneurons extend axons through CNS white matter and into the peripheral nervous system. To our knowledge, this is the first demonstration that transplanted neurons can be induced to extend axons into the peripheral nervous system. However, we estimate that only 2.4% of ES cell-derived motoneurons extended axons into the peripheral nervous system and, therefore, additional strategies must be used to enhance the efficiency of this process. Because we have previously shown that 80-85% of ventral root axons are eliminated by NSV infection (6), steric hindrance is unlikely to account for this inefficiency. Rather, it is possible that removal of myelin-mediated repulsion needs to be coupled with attractive cues from the acutely denervated peripheral nervous system. Perhaps the most interesting signaling molecules in the context of axonal regeneration are the neurotrophins, because of their ability to act on the mature adult spinal cord and to act at a distance. Several neurotrophic factors, including nerve growth factor, NT-3, brain-derived neurotrophic factor, and glial-derived neurotrophic factor have been shown to promote and guide axonal regrowth in a variety of contexts (25, 35, 36) . Therefore, future work is warranted.
Although we did not see formation of neuromuscular junctions by transplanted ES cell-derived motor axons in vivo, in vitro studies described in the current work strongly suggest that these cells do have the capacity to do so. Cocultured ES cell-derived motoneurons and skeletal muscle-derived myoblasts exhibited cellular changes, suggesting that these two cell types were responding to cues from each other, resulting in further differentiation of each. Furthermore, we saw aggregation of acetylcholine receptors, where the ES cell-derived axon contacted the muscle fiber membrane and subsequent contraction of the muscle fibers. Formation of neuromuscular junctions is a complex process involving numerous signaling pathways initiated by both the muscle and the neurons. Initial acetylcholine receptor aggregation may occur along skeletal muscle fibers independently of neural signaling (37, 38) , but maintenance of this clustering requires neural agrin and other neurally secreted signals (e.g., neuregulin) through activation of positive-feedback loops (39, 40) . Agrins and FGF-2 may also be involved in neurite outgrowth (41) in coculture and again, further exploration as to whether these or other signals mediate the axonal guidance of ES cell-derived motoneurons to muscle is warranted.
Therapeutic use of stem cells to regenerate motoneurons in the spinal cord will require that stem cells are efficiently delivered to the injured area, differentiate into motoneurons that survive for extended periods of time, and send axons through the white matter toward muscle targets. We have shown all of these in the current study. Future studies must examine whether ES cell-derived axons can extend toward anatomically and functionally appropriate distal muscle targets and whether they can form junctions upon reaching these muscles. Furthermore, it will be necessary to establish that host motor, sensory, and interneurons can form synapses upon transplanted motoneurons, thus integrating them into appropriate neural circuits.
